The Caenorhabditis elegans protein, CeMyoD, is related to the vertebrate myogenic regulatory factors MyoD, myogenin, MRF-4 and Myf-5. Like its vertebrate coun terparts, CeMyoD accumulates in the nucleus of striated muscle cells prior to the onset of terminal differen tiation. CeMyoD also shares functional similarities with the vertebrate myogenic regulatory factors. Viral LTR driven expression of CeMyoD in mouse 10T1/2 cells can introduction
Summary
The Caenorhabditis elegans protein, CeMyoD, is related to the vertebrate myogenic regulatory factors MyoD, myogenin, MRF-4 and Myf-5. Like its vertebrate coun terparts, CeMyoD accumulates in the nucleus of striated muscle cells prior to the onset of terminal differen tiation. CeMyoD also shares functional similarities with the vertebrate myogenic regulatory factors. Viral LTR driven expression of CeMyoD in mouse 10T1/2 cells can introduction The myogenic regulatory genes encode a subgroup of the helix-loop-helix (HLH) family of transcription factors (Murre et al., 1989b) . Originally described in vertebrates, the myogenic subgroup consists of the gene products MyoD (Davis et al., 1987) , myogenin (Wright et al., 1989) , MRF-4/Herculin/Myf-6 (Rhodes and Konieczny, 1989; Braun et al., 1990a; Miner and Wold, 1990) , and Myf-5 (Braun et al., 1989) . All share a high degree of sequence conserva tion across a 60 amino acid stretch that includes the HLH region and an adjacent basic (B) domain (Benezra et al., 1990) . The basic region has been shown to constitute the DNA-binding motif of these proteins whereas the HLH region is a dimerization motif that allows multimerization with other HLH proteins (Murre et al., 1989a,b; .
The expression of each of these myogenic factors by itself is sufficient to convert many different cultured cells into myoblasts that will, in turn, differentiate into striated muscle when placed in the appropriate growth conditions (Weintraub et al., 1989; Choi et al., 1990) . The myogenic activity of these factors is due to their direct action as tran scription factors; they can positively auto-activate them selves, cross-activate each other, and bind to and activate enhancer elements regulating muscle-specific promoters (Braun et al., 1989; Thayer et al., 1989; Edmondson and Olson, 1989; Lassar et al., 1989; Murre et al., 1989a; Braun et al., 1990b; Davis et al., 1990) . This ability to convert non-myogenic cells to myoblasts, coupled with an early onset of expression during development, has led to the
CeMyoD and developmental expression
The nematode Caenorhabditis elegans has a gene, hlh-1 (/ielix-/oop-/ielix), that encodes a protein, CeMyoD, that is related to the myogenic regulatory factors of vertebrates (Krause et al., 1990) . To date, no other related genes have been identified in the nematode. With in the B-HLH region, 80% of the amino acid residues of CeMyoD are identical to the vertebrate myogenic factors (Table 1) , and CeMyoD preferably binds to the E-box (CANNTG) motif (K. Black well, M. K. and H. W" unpublished data). Outside of the B-HLH region, there is no obvious similarity between CeMyoD and any other myogenic regulatory factor yet described.
As in the vertebrates, CeMyoD is expressed in striated muscle cells and their precursors and begins to accumulate prior to any overt signs of muscle differentiation. CeMyoD expression occurs in two waves during C. elegans devel opment. The first wave is transient, beginning at the 28-cell stage of development and lasting only for two cell divi sions. During this stage, low levels of CeMyoD are detected in only one founder cell lineage, the MS (Krause et al., 1990; Chen et al., 1992) . Although some descendants of these CeMyoD positive blastomeres will become striated muscle cells, others will become pharyngeal cells, neurons and non-muscle mesodermal cell types. Thus, low level (-) , no consensus residue exists for the position; amino acid differences are as indicated below the corresponding residue in the MyoD subfamily sequence. expression of CeMyoD is not sufficient, at this stage of development, to ensure that these cells become committed to the striated muscle cell fate.
A second wave of CeMyoD expression begins at about the 90-cell stage of embryogenesis; expression at this stage is stable, that is, once a blastomere becomes CeMyoD pos itive, it and its descendants remain CeMyoD positive throughout development (Krause et al., 1990) . With one exception, all stable CeMyoD positive blastomeres will become striated muscle cells and only striated muscle cells. Moreover, stable CeMyoD expression precedes terminal differentiation (expression of muscle structural proteins) by up to four cell divisions in some lineages. This early onset of expression is analogous to that seen for the myogenic factors during mammalian development (Bober et al., 1991) .
There is one exception to the rule that all stable CeMyoD positive cells become striated muscle. Late in embryogen esis a set of six cells (glial-like cells) near the nerve ring become CeMyoD positive; these cells are not muscle cells and do not stain with antibodies raised against muscle struc tural proteins. Interestingly, these six cells form gap junc tions with some of the striated muscle cells in the head of the animal. It is possible that intercellular signaling through these gap junctions results in CeMyoD accumulation in these six non-muscle cells. Accumulation of CeMyoD in these six cells appears to occur only after they have been born and begun differentiating as glial-like cells. CeMyoD expression, therefore, appears to be unable to alter the fate of a previously differentiated cell type.
CeMyoD can convert murine 10T1/2 cells to muscle
The similarities between the nematode and vertebrate myo genic factors suggested they might also be functionally related. A transient transfection assay of the murine fibrob last cell line C3H10T1/2 (10T1/2) (Taylor and Jones, 1979) has been used to address the question of functional con servation.
A viral LTR expression vector, EMSVscribe (Davis et al., 1987) , was engineered to transcribe a full length cDNA encoding CeMyoD in either the sense or anti-sense orien tation. These constructs, along with the vector alone or an EMSV mouse MyoD sense construct, were transfected independently into the murine fibroblast cell line 10T1/2. After two days, cells were placed in differentiation media (DMEM supplemented with insulin and transferin) for an additional two days and assayed for myogenesis as previ ously described (Davis et al., 1987; Davis et al., 1990) .
Transfection of the EMSV mouse MyoD construct resulted in a high frequency of myogenic conversion as expected (2%-5% of the cell population). In contrast, both the EMSV vector alone and the EMSV CeMyoD anti-sense construct resulted in no myogenesis as assayed by visual inspection and staining for myosin heavy chain gene expression. However, transfection of the EMSV CeMyoD sense construct resulted in low level myogenesis with approximately 0.1% of the cells forming bipolar cells expressing myosin heavy chain gene. Although weak, this myogenic activity of the EMSV CeMyoD sense construct is significant as both negative controls give no myogenic conversion.
The level of myogenesis observed following transfection of 10T1/2 cells with EMSV CeMyoD sense could be attrib utable to activation of the mouse myogenic regulatory genes. Steady state mRNA levels of endogenous mouse myogenic gene products were determined by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of total cellular RNA isolated from cells maintained in either proliferative or differentiation media. Specifically, levels of mRNA for transfected CeMyoD and the endogenous genes encoding mouse MyoD, myogenin and muscle creatine kinase (MCK) were compared (Fig. 1) .
Although EMSV mouse MyoD transfection led to high level expression from the three endogenous genes moni tored, EMSV CeMyoD sense resulted in only low levels of expression (Fig. 1A,B) . For both transfected expression constructs, the level of endogenous myogenic regulatory gene expression correlates with their respective strengths as myogenic activators; high for EMSV mouse MyoD and low for EMSV CeMyoD sense. Immunological staining of EMSV CeMyoD transfected cells shows that mouse MyoD is detected within the nuclei of the myotubes that arise. Taken together, these results suggest that the CeMyoD induced myogenic conversion events are mediated by acti vation of endogenous myogenic regulatory genes.
It is important to note that regardless of whether CeMyoD directly, or indirectly, activates the myogenic pro gram in 10T1/2 cells, it clearly can function as a myogenic factor within these mouse cells. This myogenic ability is not a general feature of B-HLH proteins but rather is unique to the myogenic subgroup of B-HLH proteins. In fact, replacement of the mouse MyoD basic residues with the corresponding basic region from the HLH protein E l2, that also binds the E-box (CANNTG) motif, completely elimi nates myogenic activity .
CeMyoD activates mouse muscle-specific promoters
The EMSV CeMyoD constructs have also been used in a co-transfection assay of 10T1/2 cells with two mouse muscle-specific reporter gene constructs linked to bacterial chloramphenicol acteyltransferase (CAT): MCK-CAT (Jaynes et al., 1988) and desmin-CAT (Pieper et al., 1987) . CAT activity was quantitated biochemically using a R e labelled acetyl CoA incorporation assay (Sleigh, 1986) . Table 2 shows the results of CAT activity from this type of transient co-transfection experiment. Both MCK-CAT and desmin-CAT are activated to comparable levels (200-to 300-fold above background) by either EMSV mouse MyoD or EMSV CeMyoD in the sense orientation. In con trast. EMSV CeMyoD anti-sense gives only background levels of activation of both CAT reporters.
As discussed above, EMSV CeMyoD activates very low levels of endogenous mouse MyoD and myogenin. To elim inate the possibility that these endogenous mouse myogenic gene products were responsible for the high levels of MCK-CAT and desmin-CAT activity in these experiments, a CAT reporter construct driven by a tandemly repeated mouse MyoD binding site derived from the MCK enhancer was tested. This reporter construct, called 4R-CAT, is efficiently irans-activated by mouse MyoD and myogenin and serves as an indicator of either exogenous or endogenous mouse myogenic B-HLH protein activity (Weintraub et al., 1990) . If, for example, CeMyoD-induced low level expression of the endogenous mouse MyoD was activating high levels of MCK-CAT and desmin-CAT, then it should similarly acti vate high levels of 4R-CAT. However, when EMSV CeMyoD constructs are co-transfected into 10T1/2 cells with 4R-CAT in a transient assay, the 4R-CAT reporter is not activated. Although it is formally possible that EMSV CeMyoD is specifically inhibiting 4R-CAT expression in these co-transfections, a more likely explanation is that CeMyoD positively activates the high level expression of MCK-CAT and desmin-CAT independently of the endoge nous B-HLH myogenic regulatory genes. It is not known if CeMyoD activates the MCK and desmin promoters directly or works by interacting with, or activating, other endogenous mouse transcription factors. 
Mouse myoD trans-activates CeMyoD
One characteristic of the vertebrate myogenic regulatory factors is that they auto-activate their own expression and can irans-activate expression of at least some of the other myogenic genes. For example, transfection of EMSV mouse MyoD into 10T1/2 cells will activate the endoge nous MyoD and myogenin genes (Braun et al., 1989a; Thayer et al., 1989) . To determine if mouse MyoD could positively act on sequences of the nematode gene hlh-1 that encodes CeMyoD, EMSV mouse MyoD was co-transfected with three hlh-1 P-galactosidase reporter constructs into 10T1/2 cells. All three hlh-1 reporter constructs were acti vated by EMSV mouse MyoD but not by the EMSVscribe vector alone (Fig. 2) . A p-galactosidase reporter gene con struct lacking hlh-1 sequences was not irans-activated sug gesting that one or more sites within the hlh-1 region is responsible for the positive effect by mouse MyoD. Studies of the nematode hlh-1 promoter elements has shown that the 3 kb upstream of the CeMyoD coding region is sufficient, in transgenic nematode strains, to give the correct temporal and spatial pattern of CeMyoD expression during development (Krause et al., 1990) . It was surprising then that the hlh-1 reporter construct that lacks much of these upstream promoter sequences (38.82) responded as well, if not better, than those constructs with an intact pro moter region (37.48 and 39.47) (Fig. 2 ). An inspection of the hlh-1 intron sequences that are retained in construct 38.82 revealed a cluster of seven E-box (CANNTG) ele ments spanning a 100 bp region; this region could serve as a site for mouse MyoD binding and irans-activation. Pre liminary evidence (gel mobility shift and inter-species hlh-1 gene sequence comparisons) supports this notion and suggests that this 100 bp region is a site for CeMyoD auto activation (T. Gerber, M. K. and H. W., unpublished data).
Conclusions
A comparison of the vertebrate myogenic regulatory fac tors with the related nematode protein CeMyoD reveals a remarkable degree of evolutionary conservation. In addition to the sequence similarity across the B-HLH domain of these proteins, they share similar temporal and spatial pat terns of expression during development. Vertebrate and nematode myogenic proteins also share functional similar ities; CeMyoD is able to convert the murine cell line 10T1/2 to myoblasts and efficiently .irans-activate mouse musclespecific promoters in transient transfection assays. Further more, mouse MyoD appears to recognize, and activate, a CeMyoD autoregulatory site within the nematode hlh-1 gene. This is not the first reported instance of a non-mammalian myogenic factor acting in the 10T1/2 cell line. Venuti et al. (1991) isolated a sea urchin analogue of the vertebrate myogenic factors called SUM-1. Transfection of EMSV SUM-1 can convert 10T1/2 cells, and irans-activate muscle-specific reporter gene expression, as efficiently as EMSV mouse MyoD. More recently, the Xenopus laevis MyoDb gene has been used to convert this same cell line to muscle (R. Rupp and H. W., unpublished data).
The ability of these non-mammalian myogenic factors to convert 10T1/2 cells to myoblasts should, however, be kept in perspective; 10T1/2 cells are a cultured line that grow outside the developmental context in which these factors normally operate. One should be cautious, therefore, in ascribing developmental functions to these myogenic fac tors based solely on this assay.
Related to this point, recent results in C. elegans demon strate that myogenesis can occur in the absence of zygotic CeMyoD (Chen et al., 1992) . This was shown by generat ing chromosomal deficiencies spanning the hlh-1 (and flanking) genes. Mutant embryos homozygous for these deficiencies arrest at the two-fold stage of embryogenesis but still make striated muscle. Although it is still possible that maternal hlh-1 products or a second myogenic gene (as yet undiscovered) is functioning in these homozygous defi ciency animals, these unanticipated results suggest that we do not yet understand the role, if any, of CeMyoD in deter mining muscle cell fate in the nematode.
Given the similarities between the nematode and ver tebrate myogenic factors, one might also reconsider the role of the myogenic regulatory factors in vertebrate myogene sis. Is the developmental process of myogenesis absolutely conserved through evolution or have these distantly related organisms diverged to the point that their respective myo genic factors function in fundamentally different programs? Presently one can make circumstantial arguments in sup port of either side of this issue. For example, based on the sequence, DNA binding, 10T1/2 cell conversion assay, and temporal and spatial pattern of expression one would con clude that the vertebrate and nematode myogenic proteins are very similar. However, no other B-HLH protein has been uncovered in C. elegans, leading one to wonder if the CeMyoD dimerization partners (E2a and Id gene products) exist in the nematode. Furthermore, no muscle structural gene promoter studied to date in C. elegans has been shown to require an E-box (CANNTG) site for expression.
Circumstantial arguments do not answer the question of whether developmentally relevant functional similarities exist between the vertebrate and nematode myogenic reg ulatory factors. Fortunately, these are questions that can be answered experimentally through a combination of nema tode genetics and vertebrate gene disruptions.
